Abstract A highly sensitive, selective, and precise ultra-performance liquid chromatography tandem mass spectrometry method was developed and validated for simultaneous quantification of itraconazole and hydroxy itraconazole in human plasma by a single liquid-liquid extraction step. The precursor to product ion transitions of m/z 705.3/392.3, m/z 721.2/408.3 and m/z 708.2/435.4 were used to detect and quantify itraconazole, hydroxy itraconazole and itraconazole-d3 respectively. The lower limit of quantitation was found to be 0.500 ng/mL for itraconazole and 1.00 ng/mL for hydroxy itraconazole. The mean recoveries for itraconazole and hydroxy itraconazole were found to be 100.045% and 100.021%, respectively. This developed method with a chromatographic run time of 2.0 min was successfully applied to a bioequivalence study of 100 mg itraconazole capsule.
Introduction
Itraconazole [1] [2] [3] [4] [5] methoxy]phenyl]-1-piperazinyl]phenyl]-2,4-dihydro-2(1-methylpropyl)-3H-1,2,4-triazol-3-one, is an orally active triazole antifungal agent which demonstrates broad spectrum activity against a number of fungal species including dermatophytes, Malassesia furfur, Candida species, Aspergillus species, and Histoplasma capsulatum var. capsulatum [6] . It is widely used in the treatment and prophylaxis of a variety of fungal infections, especially aspergillus species which can cause a hypersensitivity and inflammatory reaction, called allergic bronchopulmonary aspergillosis (ABPA) that can result in damage to lung tissues. Itraconazole is a 1:1:1:1 racemic mixture of four diastereomers (two enantiomeric pairs), each possessing three chiral centers. The structures of itraconazole and hydroxy itraconazole are shown in Scheme 1.
The mechanism of action for its antifungal activity is believed to involve efficient inhibition of the fungal-demethylase by itraconazole. Following oral absorption, it is extensively metabolized including side chain hydroxylation with CYP3A4 to form hydroxyl itraconazole which is the major metabolite. Hydroxy itraconazole is biologically active and its plasma concentration is two folds higher than itraconazole at steady state. Itraconazole is extensively metabolized in humans by the liver, yielding over 30 metabolites. It is given mainly by the oral route (as capsules), but also as an aqueous solution with a cyclodextrin as a solubilizer. In some countries it is also available as an injectable solution. The pharmacokinetics of orally administered itraconazole are of continuing interest, partly because of its very poor water solubility, which contributes to low, variable absorption, but also because it is both an inhibitor and substrate of the CYP3A4 and the P-glycoprotein transporter system. It has a pK a of 3.70 (based on extrapolation of values obtained from methanolic solutions) and a log(n-octanol/water) partition coefficient of 5.66 at pH 8.1. Itraconazole is over 99% protein bound and has virtually no penetration into cerebrospinal fluid. Therefore, it should never be used to treat meningitis or other central nervous system infections. The plasma protein binding of itraconazole is 99.8% and that of hydroxy itraconazole is 99.5%.
Identification and quantification of itraconazole and hydroxy itraconazole require a specific and sensitive method that is suitable for routine analysis of biological samples. Few methods have been reported in the literature for quantification of itraconazole and its hydroxy metabolite. The technique used in these includes high performance liquid chromatography (HPLC) method in human serum [7] [8] [9] [10] and in human plasma [11] [12] [13] [14] [15] [16] , flourimetric method in human plasma [17, 18] and liquid chromatography tandem mass spectrometry (LC-MS/MS) method in human plasma. However, the HPLC methods are less selective and not reliable.
Several papers have been reported for the determination of itraconazole and hydroxy itraconazole in human plasma by LC-MS/MS [19] [20] [21] [22] [23] . However, their total analysis time per sample and sample volume requirement often do not suit the requirements for routine plasma sample analysis of itraconazole. No method was reported for quantification of itraconazole and its hydroxy metabolite in human plasma employing ultra-performance liquid chromatography/tandem mass spectrometry (UPLC-MS/MS). The high efficiency of sub-2-mm particle columns with UPLC conditions has made it the ideal partner for mass spectrometry. Further, this LC system having an ultra-low system volume; a fast, sensitive, low volume detector; intelligent software; negligible carry over; and the ability to reliably run at the higher backpressures generated by small particles improves results in analyte resolution, throughput, and sensitivity.
We now report a highly sensitive high throughput UPLC-MS/MS method for the quantification of itraconazole and its metabolite (hydroxy itraconazole) in human plasma using itraconazole D3 as an internal standard. The validated method has been successfully used to analyze samples obtained after the administration of a single dose of 100 mg itraconazole tablets to healthy volunteers participated in bioavailability study. The current method includes a very simple, economical and rapid sample preparation technique as well as significantly shorter analysis run time compared to previously published methods. Therefore, this easily applicable and low-cost method can be used for analysis of itraconazole and its metabolite from human plasma.
Materials and methods

Chemicals and reagents
Itraconazole and hydroxy itraconazole standards (purity499.3%) were obtained from Vivan Life Sciences Pvt. Ltd. (India) and itraconazole D3 from Clearsynth Labs Pvt. Ltd. (India). Di-potassium salts of ethylene diamine tetra acetic acid (K 2 EDTA) plasma of healthy volunteers were obtained from white cross blood bank, Mumbai (India). Acetonitrile (HPLC grade) and methanol were obtained from JT Baker, Germany. A Milli-Q water (Millipore Co., MA, USA) purification system was used to obtain purified water for the UPLC analysis.
Instrumentation
Zorbax SB-C18, 50 mm Â 2.1 mm, 5 mm (Agilent) column was used for chromatographic separation with a flow rate of 0.400 mL/min. Chromatography was performed at ambient temperature, with the mobile phase consisting of acetonitrile and 2 mM ammonium acetate (pH 3.5 with formic acid) in the ratio of 80:20 (v/v). The mobile phase was delivered by the ultra-performance liquid chromatography (UPLC) solvent manager and the samples were injected by a UPLC sample manager (Waters s Corporation, Milford, MA, USA). Mobile phase was also used as wash solvent for strong needle wash and weak needle wash on UPLC system. Milli-Q water was used as seal wash solution on UPLC system. All the solutions used on UPLC system were filtered by using 0. Determination of itraconazole and hydroxy itraconazole in human plasma by UPLC-MS/MSversion 1.5.1. The source dependent parameters maintained for analytes and internal standard were Gas 1 (Nebulizer gas): 35 psi, Gas 2 (Heater gas): 65 psi, ion spray voltage (ISV): 4000 V, turbo heater temperature (TEM): 500 1C, entrance potential (EP): 10 V, collision activation dissociation (CAD): 6 psi, curtain gas (CUR): 30 psi. The compound dependent parameters like declustering potential (DP), collision energy (CE) and cell exit potential (CXP) were optimized at 130.00, 51.00 and 11.00 V for itraconazole, 94.00, 52.00 and 11.00 V for hydroxy itraconazole, 80.00, 51.00 and 11.00 V for itraconazole D3 respectively. Optimization of the triple quadrupole settings of the instrument for the detection of itraconazole, hydroxy itraconazole, and itraconazole D3 was performed by infusing a 5 ng/mL solution of each drug dissolved in methanol:water (50:50, v/v) solution at a constant flow rate of 10 mL/ min. Figs. 1 and 2 show a product ion mass spectrum of pure itraconazole and hydroxy itraconazole.
Preparation of standards and quality control samples
The stock solutions of itraconazole, hydroxy itraconazole and itraconazole D3 were prepared by dissolving reference standards in methanol containing 8% formic acid. These stock solutions were later used to prepare the working solutions of itraconazole, hydroxy itraconazole and itraconazole D3 in methanol: Milli-Q/ HPLC grade water mixture (50:50, v/v) by appropriate dilution. Calibration curve standards consisting of eight non-zero concentrations were prepared by spiking standards in 0.980 mL of blank human plasma, each with 0.010 mL working solution of itraconazole and hydroxy itraconazole in the concentration range of 0.500-402.406 ng/mL for itraconazole and 1.000-597.920 ng/mL for hydroxy itraconazole. Similarly, quality control (QC) standards were prepared for the lower limit of quantification (LLOQ QC), low quality control (LQC), medium quality control (MQC) and high quality control (HQC) levels for both the analytes within the calibration curve range. After bulk spiking, 600 mL of spiked plasma samples were pipetted out in pre-labeled polypropylene tubes. The calibration curve standards and QC samples were logged in ultra-low temperature deep freezer (temperature range: À55 1C to À75 1C) except 24 samples each of LQC and HQC which were transferred for storage in cell frost deep freezer (temperature range: À17 1C to À27 1C) for the generation of long term stability at -2275 1C. These samples were used for performing the method validation. All the stock solutions were stored at 2-8 1C for further use.
Extraction procedure
A set of calibration curve standards and QC samples were withdrawn from the deep freezer and allowed to thaw at room temperature in water bath. Plasma samples (500 mL) were pipetted from the pre-labeled polypropylene tubes into prelabeled 5 mL ria vials followed by the addition of 50 mL of internal standard dilution (300 ng/mL). The samples were vortex-mixed for 10 s. 200 mL of 2 M ammonium acetate was then added and samples were again vortexed. Finally 2 mL methyl tert-butyl ether (TBME) was added for extraction and samples were vortexed for approximately 5 min. Once the extraction completed, samples were flash freezed for 1-2 min and supernatant was decanted off followed by evaporation to dryness at 40 1C at constant pressure in nitrogen evaporator. The resulted dried samples were reconstituted with 300 mL of mobile phase, vortexed and transferred into vials for analysis.
Validation
The selectivity, sensitivity, linearity, precision, accuracy, recovery, stabilities and dilution integrity of the method have been validated according to the US Food and Drug Administration guidance for the validation of bioanalytical methods [24, 25] . Selectivity and specificity were determined in six different lots of normal K 2 EDTA plasma and four different lots of lipemic K 2 EDTA and heamolysed K 2 EDTA plasma. Three precision and accuracy batches of spiked plasma calibration curve standard at eight different concentrations levels ranging from 0.500 ng/mL to 402.406 ng/mL for itraconazole and 1.000 ng/mL to 597.920 ng/mL for hydroxy itraconazole were prepared and analyzed. Weighted 1/(concentration) 2 linear regression was used to construct the itraconazole and hydroxy itraconazole calibration curves. Spiked QC samples were processed in six replicates at four concentration levels (0.500, 1.425, 203.534 and 328.280 ng/mL for itraconazole and 1.000, 2.83, 297.96 and 480.58 ng/mL for hydroxy itraconazole) for three different analytical batches to evaluate the intraand inter-batch assay accuracy and precision. Recovery of both the analytes were determined in normal K 2 EDTA plasma at three different concentrations (1.425, 203.534 and 328.280 ng/mL of itraconazole and 2.830, 297.960 and 480.580 ng/mL of hydroxy itraconazole) by comparing the analyte peak areas of the extracted QC samples with those of the non-extracted equivalent QC mixture representing 100% recovery.
The stability of drug and metabolites in human plasma was studied by subjecting them into different storage conditions at two different concentrations (LQC and HQC) levels. For the evaluation of bench top stability the required number of QC aliquots was kept at room temperature for 10 h, for evaluating auto-sampler stability the required number of QC's was processed, reconstituted and kept in autosampler for 79 h. After bulk spiking sufficient number of QC's was stored at À65 1C for a period of 306 days and À22 1C for 127 days to access the long term stability. Freeze/thaw stability was also evaluated after subjecting for three cycles of freezing and thawing. Dry extract stability was evaluated after storage of dry extract QC samples at À17 1C to À27 1C in deep freezer for a period of 47 h and wet extract stability was evaluated after storage of reconstituted QC samples at 2-8 1C in refrigerator for a period of 24 h. The stabilities were evaluated by comparing with freshly spiked calibration curve standards and QC samples in pooled plasma. The analytes were considered stable in human plasma when a percent change of 715% of the initial concentration was found. Robustness was analyzed at low and high pH of buffer solution, at low and high flow rate (0.380 μL/min and 0.420 μL/min) of mobile phase and at low and high column oven temperature (38 1C and 42 1C). For ruggedness evaluation one precision and accuracy batch was processed by different analysts and analyzed by using different columns and different solutions.
Results and discussion
Method development
The higher sensitivity of MS/MS detector allowed the development of a sensitive and robust method for the determination of itraconazole and hydroxy itraconazole. Linearity was developed within the concentration range of 0.500-402.406 ng/mL for itraconazole and 1.000-597.920 ng/mL for hydroxy itraconazole. Results of the backcalculated concentrations from three calibration curves for itraconazole and hydroxy itraconazole using UPLC-MS/MS are tabulated in Table 1 . The table also represents the precision and accuracy for each standard of the calibration curve. The results obtained were within the acceptance criteria of 720% of the test concentration at the LLOQ level and 715% for the standards above LLOQ. Blank plasma sample clean up was one of the most important point during the subject sample analysis using UPLC-MS/MS technique. Liquidliquid extraction method was investigated with TBME as extraction solvent and found to be more rugged and robust enabling to enhance sensitivity and recovery compared to solid phase extraction and protein precipitation. No endogenous substances were detected, which significantly interfered with the quantification of itraconazole and hydroxy itraconazole. Even though there is an improvement in cost optimization due to the use of liquid-liquid extraction, still the aim of the researchers is to reduce the chromatographic run time so that more number of samples can be analyzed within a day. The retention times for itraconazole, hydroxy itraconazole and itraconazole D3 were found to be within a min. The total chromatography run time of 2.00 min made it possible to analyze a large number of samples within a day. Fig. 3 shows representative chromatograms of itraconazole and hydroxy itraconazole at concentrations of 0.500 ng/ mL and 1.000 ng/mL in plasma along with the IS. A representative chromatogram of the extracted blank plasma of itraconazole, hydroxy itraconazole and itraconazole D3 is presented in Fig. 4 . This analytical method was used to analyze plasma samples containing itraconazole, hydroxy itraconazole and itraconazole D3 from 60 healthy male volunteers after administering single doses of 100 mg itraconazole capsule.
Precision and accuracy
The inter-batch precision and accuracy were calculated after analyzing three precision and accuracy batches with spiked QC samples.
The intra-batch precision and accuracy were calculated after analyzing six spiked samples of itraconazole and hydroxy itraconazole at each QC level (0.500, 1.425, 203.534 and 328.280 ng/mL of itraconazole and 1.000, 2.830, 297.960 and 480.580 ng/mL of hydroxy itraconazole). Intra-day and inter-day precision ranged from 1.11% to 3.53% and 1.74% to 4.23% for itraconazole, 2.15% to 7.25% and 2.44% to 7.98% for hydroxy itraconazole while accuracy, expressed as % nominal was within 90.51-98.48% and 91.41-98.06% for itraconazole, 97.00-105.65% and 92.22-100.09% for hydroxy itraconazole respectively, as given in Table 2 .
Recovery
The absolute recoveries were evaluated for itraconazole, hydroxy itraconazole and itraconazole D3 by comparing the peak areas response of the extracted samples with that of the unextracted stock solutions at the three QC concentration levels of 1.425, 203.534 and 328.280 ng/mL of itraconazole and 2.830, 297.960 and 480.580 ng/mL of hydroxy itraconazole. The absolute recovery determination for itraconazole and hydroxy itraconazole was shown to be consistent, precise and reproducible. The mean recovery for itraconazole, hydroxy Fig . 3 Representative chromatograms of itraconazole (B1) and hydroxy itraconazole (B2) at concentrations of 0.500 ng/mL and 1.000 ng/mL with internal standard.
itraconazole and itraconazole D3 were found to be 100.045%, 100.021% and 99.495%, respectively.
Stability
The stability of the analytes in human plasma under different temperatures and times as well as stability of the analytes in stock solution under different conditions were evaluated. Itraconazole, hydroxy itraconazole and itraconazole D3 stock solutions were found stable in 8% formic acid in methanol at 2-8 1C for 9 days. For bench top stability determination, the required QC aliquots were withdrawn from deep freezer and kept at room temperature for around 10 h. The samples were then extracted and analyzed according to the abovementioned extraction procedure. No degradation occurred after leaving the QC aliquots on the bench at room temperature for a period of 10 h. The required QC aliquots were subjected for three freeze-thaw cycles to access the freeze-thaw stability. The freezethaw stability was evaluated at the end of the third cycle by analyzing with the freshly spiked calibration curve (CC) and QC samples in pooled plasma. The % change between the stability QC samples and comparison QC samples was observed within acceptance limit. To determine the autosampler stability, one PA batch was processed and kept in the autosampler with a set temperature of 5 1C for 79 h and compared with a freshly prepared calibration curve and QC samples. No significant difference was observed between the concentrations of freshly spiked QC samples and stability QC samples. For dry extract stability six sets of LQC and HQC samples were processed and kept at À17 1C to À 27 1C after drying in deep freezer for a period of 47 h and for wet extract stability another six sets of LQC and HQC samples were processed and after reconstitution stored at 2-8 1C in refrigerator for a period of 24 h. The dry extract and wet extract stabilities were evaluated by analyzing the stored QC samples with the freshly spiked CC and QC samples in pooled plasma. The % change between the stability QC samples and comparison QC samples was observed within acceptance limit. The long-term stability was evaluated for QC samples kept at À22 1C for 127 days and at À65 1C for a period of 306 days at two different concentrations (LQC and HQC) and was found stable in plasma for both the analytes for 127 days when stored at À22 1C and for 306 days at À65 1C in polypropylene tubes. The results of all stabilities are given in Table 3 . 
Matrix effect
Matrix effect was determined by IS normalization matrix factor [26, 27] at LQC and HQC concentration levels by using six different plasma lots those passed the selectivity criteria. Blank plasma samples were processed in duplicate from all plasma lots and after drying these blank plasma samples were reconstituted in respective prepared neat sample of LQC and HQC concentrations. The percentage coefficient of variance of both the analytes and internal standard were within the acceptance range of r15%. Table 4 shows the data of the results for matrix factor.
Application of the method
The developed and validated method was successfully applied for the analysis of plasma samples obtained from the pharmacokinetic study. The study was conducted as a randomized, open label, single-dose, two-treatment, two sequence, four-way replicate crossover in 60 Indian healthy, adult, male, human subjects under fed condition. Each subject received 100 mg capsule of itraconazole of test and reference. Blood samples were collected using K 2 EDTA vacutainers at the following times: pre-dose, main pharmacokinetic parameters are given in Table 5 . The mean plasma concentration versus time profile is shown in Fig. 5 .
Conclusions
A highly sensitive and selective method for the simultaneous determination of itraconazole and hydroxy itraconazole in human plasma was developed using UPLC-MS/MS with turbo ion spray in positive ion mode for the very first time with a total analysis run time of 2.0 min. This developed method was successfully used in a pharmacokinetic study in which 60 healthy male volunteers were given a 100 mg capsule of itraconazole in fed condition. The use of cost effective, time saving and easy to handle liquid-liquid extraction method made it possible to achieve the sensitivity for both the analytes.
By the use of UPLC a shorter chromatographic run time of 2.0 min was achieved in this method and a large number of subject samples were easily analyzed on one system in a single day. Only one analytical column was used to chromatograph about 6000 subject samples analysis. This validated method is an excellent analytical option for the simultaneous, rapid quantification of itraconazole and hydroxy itraconazole in human plasma. Determination of itraconazole and hydroxy itraconazole in human plasma by UPLC-MS/MS
